In this study, through a vibration table test, finite element simulation, and research on the rationality of the wave-height fortification of national storage tank specifications, the sloshing response of vertical storage tanks under the action of near-fault ground motion was analyzed. e test results showed that the sloshing wave height of a vertical storage tank was larger under nearfault or long-period ground motions, and the relationship between the sloshing wave height and the peak acceleration of input ground motions was approximately linear. e numerical simulations of the model tank showed that the simulation wave height and the test wave-height data were well fitted. erefore, it was feasible to simulate the sloshing of large vertical storage tanks using ADINA software. In addition, a large number of sloshing simulations of near-fault ground motions on 10,000 m 3 vertical storage tanks were performed. e simulated wave height had a high correlation with the predominant period or pulse period of near-fault ground motions. Under the calculation with similar parameters, the wave height of the tank standard in several countries had a lower fortification of the near-fault excitation wave height. rough the root mean-square method using a small sample size, a wave-height correction under a near-fault effect was applied to the wave-height formula for the Chinese tank seismic specification. Finally, the problem of a double-damping correction was addressed by adjusting China's GB50341 wave-height formula. is work provides a reference value for practical engineering applications.
Introduction
Large vertical storage tanks have thin tank walls and hold a large volume, and the basic self-vibration period of the liquid storage is long. Under the action of long-period ground motion, liquid storage produces a large nonlinear sway, and the huge force easily causes damage to the filling roof and buckling of the tank wall [1, 2] . For example, in the 1980s, the earthquake in the middle of the Sea of Japan caused damage to oil tanks with a shaking period of about 10 s in the nearby city of Niigata and caused a fire [3] . en in 1991, the 6.9 magnitude earthquake in Costa Rica caused overturning and instability of storage tanks in local steel plants, which caused huge losses [4] .
With the increasing demand for large vertical tanks in various countries of the world, their role in the development of the economy and petrochemical industry is becoming increasingly important. Many scholars have conducted research on tank sloshing. Yan [3] conducted three-dimensional shaking table tests on a vertical open tank and a floating roof tank. rough the input of different amplitudes and frequency of ground motion, the data of tank sloshing wave height and displacement were obtained. Wang et al. [5] simulated three kinds of tanks with different liquid levels under earthquake conditions using ADINA software and analyzed the wave height of liquid sloshing, peak acceleration of the tank wall, and hydrodynamic pressure. Cheng et al. [6] studied the sloshing response of liquid in a rigid cylindrical tank with a rigid annual baffle uncle. e problem of a shaking response under near-fault ground motion, however, was not involved. Near-fault ground motions have large velocity pulses and abundant long-period waveforms, which are liable for producing double resonance with storage tanks, resulting in large-scale sloshing of storage fluid and potential hazards to storage tanks and the surrounding environment [7] . Moreover, because China is located between the Pacific Rim Seismic Zone and the Himalayan Seismic Zone, near-fault earthquakes often occur in China. erefore, this article studied the sloshing effect of near-fault ground motions with different spectral characteristics under excitation. On the basis of a comparison of the shaking table test, numerical simulation, and the wave-height formula of the national tank standard, we corrected the Chinese version of the wave height under near-fault ground motion to study the sloshing effect. is study provides a reference for the wave-height design of vertical storage tanks under the action of near-fault ground motion.
Shaking Table Test of Vertical Storage Tank
Seismic waves are not only complex in the frequency domain but also complex in the time domain. erefore, it is not enough to rely solely on national codes and simulation calculations to fully reflect the response of structures to real earthquakes over time. e shaking table test is the most effective method to verify theoretical calculations and simulation calculations at present, so the engineering community often uses the shaking table test to examine the response superposition problem of a structure under the action of ground motion [8] . We selected a 1000 m 3 vertical storage tank and subjected the prototype can to quarter-scale processing. According to the similarity relationship, we designed the model tank and adjusted the input ground motion parameters [1] . To study the relationship between the sloshing wave height and the seismic spectrum characteristics and the acceleration peak, we extracted the waveheight data by unidirectional seismic loading. Finally, we verified the sway simulation using the finite element software ADINA.
Test Layout and Seismic Wave Input.
e geometric dimensions of the test model tank were as follows: the tank height was 2.65 m, the tank diameter was 2.9 m, and the liquid storage height was 2.38 m. e arrangement of the experimental wave-height displacement meter was 0 mm, 560 mm, and 1300 mm from the center of the liquid surface, and the table-top output acceleration collector was arranged on the table below the ring beam. e tank layout is shown in Figure 1 .
In this test, we selected EL-Centro wave, TCU089 wave, JM wave, and Pasadena for the input of the shaking table  because of the limitation of the displacement of the table. ese four waves are commonly used in the world, among which TCU089 is used for near-fault ground motion. We assigned each displacement wave a corresponding 0.05 g, 0.1 g, 0.15 g, 0.2 g, 0.25 g, 0.3 g, 0.35 g, and 0.4 g peak acceleration and derived the time similarity ratio based on the model's similarity ratio. We finally determined the time interval of each seismic wave to be 0.024 s. Figure 2 shows the displacement time history curve of each seismic wave of 0.4 g.
Test Data Analysis.
By extracting the maximum acceleration recorded by the acceleration collector installed on the platform and comparing it with the peak acceleration of each input seismic wave, the acceleration transmitted from the vibration table to the foundation can be truly and accurately reflected. e comparison data are shown in Figure 3 .
As shown in Figure 3 , the difference between the output acceleration extremum and the peak value of the input acceleration is not exactly the same because the slight deviations between the input and output acceleration of seismic wave are inevitable in engineering tests. us, the test output data are reasonable.
We extracted the wave height corresponding to each seismic wave at different acceleration peaks, as shown in Table 1 , and made a trend relationship diagram between the wave height and the corresponding acceleration peak, as shown in Figure 4 .
Using Fourier transform for each of acceleration waves collected on the platform, we obtained the predominant periods of the EL-Centro wave, TCU wave, Jinmen seismic wave, and Pasadena wave, which were 0.163 s, 0.204 s, 0.28 s, and 0.463 s, respectively. As shown in Table 1 , there were differences in the excitation wave heights of different ground motions. e excitation wave height of the excellent period was short, and the excitation wave height of the EL-Centro wave and the Golden Gate wave, whose long-period waveforms were lower, was relatively low. Conversely, the long-period waveform was rich, and the period of the nearfault ground motion TCU and Pasadena waves was relatively large. erefore, the sloshing wave height of the vertical storage tank under the earthquake had a significant correlation with the spectral characteristics of ground motion, in particular, because the wave-height sloshing under the action of long-period ground motion cannot be ignored. It is evident from Figure 4 that as the input ground motion peak increased, the excitation wave height and the input acceleration peak increased linearly. Notably, the linear relationship between the near-fault TCU wave and the Pasadena wave with more long-term characteristics was more obvious. e ratio of any two wave heights was approximately equal to the ratio of the two acceleration peaks.
Numerical Simulation Analysis of Model Cans.
We numerically simulated the model cans using the ADINA software. e purpose of the numerical simulation was to verify each simulation with the test and to verify the reliability of the finite element sloshing analysis while also comparing the differences. We based the physical properties of the numerical simulation materials on experimental measurements. e tank-sloshing simulation used the potential flow module, the tank foundation used the solid unit, and the base and tank contact surfaces adopted the contact unit. e tank model and the contact model are shown in Figure 5 . e vertical tank wall and tank bottom plate selected the four-node shell unit, the foundation adopted an eight-node solid unit (3-dsold) for simulation, the liquid storage adopted an eight-node three-dimensional fluid unit, the upper surface of the liquid storage was set as the free liquid level, and the other surface was the fluid unit. ADINA automatically identified the coupling contact surface when potential flow theory was adopted, thus greatly improving the calculation speed. e finite element model ground motion input used the accelerometer wave collected by the test bench accelerometer with a 0.3 g peak. We conducted a dynamic time history analysis for each seismic wave of the model. e collected sloshing wave height and the extreme value of the test wave height are shown in Table 2 . Figure 6 compares the real time history curve and the test time history curve of the waveheight extreme point. Table 2 shows that the simulated wave height and the test wave-height sway extreme values are similar. e average difference rate was 12.7%, and the simulated wave height was slightly larger than the test wave height, which also was related to the wave-height acquisition device. Because the elastic displacement meter had a suppression effect on the sloshing wave height, the test wave height was slightly smaller than the simulated wave height. Figure 6 shows that the simulation and experimental extreme wave-height time history curves were basically the same-only the waveheight value was slightly different. From the four waveheight time history comparison curves, the simulation and test data were basically the same, and both were mutually verified.
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Finite Element Analysis of Vertical Storage Tanks and Correction of Chinese Standard Wave-Height Formula
From the analysis of the test results, we determined that the sloshing wave height of the vertical storage tank was related to the spectral characteristics of the ground motion. e richer the long-period waveform, the higher the excitation wave height. is was especially true for the near-fault ground motion, which often contained a large number of long-period seismic waveforms, and the excitation wave height was large. Because of the large-scale pulse of near-fault ground motion, the excitation displacement of the structure was large, and the ultimate displacement of the vibration table was small. is Note. "+" and "− " correspond to the extreme peak and trough of wave height, respectively. limited the output of the near-fault ground motion to the structural displacement. e engineering community often uses numerical analysis because this method can be used to explore the sloshing effect of large vertical storage tanks under near-fault ground motion. erefore, in this part of the test, we selected a 10,000 m 3 vertical storage tank for numerical simulation under near-fault ground motion to explore the correlation between excitation wave height and the predominant period and pulse period. We also examined the high envelope of the excitation wave of the near-fault ground motion. We corrected the wave-height formula of the seismic specification of the Chinese tank for near-fault ground motion.
Numerical Simulation of 10,000 m 3 Vertical Tank Sloshing.
e basic dimensions of the 10,000 m 3 vertical storage tank were as follows: tank height was 17.5 m, diameter was 28.3 m, and liquid storage height was 14 m. e finite element model and the first-order mode with a period of 5.42 s are shown in Figure 7 . e selection of seismic waves was based on three elements of ground motion, namely, ground motion duration, spectral characteristics, and effective peaks. From the Pacific Earthquake Engineering Research Center (PEER), we selected 38 near-fault ground motions recorded worldwide. Using the potential flow theory of the finite element software ADINA, we input the 0.2 g near-fault ground motion into the storage tank and used the dynamic time-integration method to calculate the sloshing wave height of the storage tank. Table 3 gives the excitation wave height and period parameters of the 38 near-fault ground motions.
As can be seen in Table 3 , different seismic waves have different wave heights. Because different ground motions have different frequency characteristics, the wave heights are Advances in Civil Engineering different. e experiments showed that the excitation wave height had a certain correlation with the spectral characteristics of ground motion. erefore, we studied the nearfault ground motion predominant period and the trend of pulse period and wave height to explore the correlation between wave height and ground motion period parameters. e trend chart is shown in Figure 8 . As shown in Figure 8 , the use of the near-fault predominant cycle and pulse period to characterize wave height contributed to certain tendencies. Large wave-height values were concentrated mainly near the first-order sloshing cycle, and the larger the waveform period, the larger the excitation wave height. We used the Pearson correlation coefficient to measure the correlation between the predominant period and the pulse period and excitation wave height, and the calculated correlation coefficients were 0.495 and 0.458, respectively. Both exhibited a moderate degree of correlation. e predominant period was slightly higher than the correlation of the pulse period and wave height. erefore, it was reasonable to use the predominant period and pulse period of the near-fault ground motion to characterize the excitation wave height.
Comparative Analysis of Incentive Wave Height of Near-Fault Ground Motion and Wave Height of Storage Tanks in Different Countries.
Although the seismic specifications of the Sino-U.S. European and Japanese storage tanks differed in terms of seismic concept, design level, and definition of ground motion parameters, the design of the sloshing was similar. e sloshing cycle of the four countries' specifications was a first-order sloshing cycle that was quoted from the Housner [9] rigid tank wall. e sloshing wave-height formula was also based on the rigid tank wall to consider the two-point or three-mass theoretical model of the elastic tank wall [10] , and we applied this formula to the sloshing formula of each country's response spectrum. National normative sloshing wave heights and period formula are shown in Table 4 . We used 8 degrees 0.2 g ground basic acceleration, class III site, and seismic grouping for the first group of seismic design parameters for China's 10,000 m 3 standard wave-height formula. Finally, according to the research results of Hui, Li, Zhinan, and others [11] [12] [13] , and through a comparison and analysis of national norms, we selected the seismic design parameters with similar specifications in foreign countries to calculate the sloshing period and wave height. e calculated results are compared with the simulated wave height of near-fault ground motion. e distribution diagram of simulated wave height of near-fault ground motion is shown in Figure 9 . e calculated wave heights in China, United States, Europe, and Japan are basically within 1500 mm. Among them, Chinese code GB50761 is 1067 mm, American code API650 is 1465 mm, European code BS EN8-4 is 426 mm, and Japanese code JIS B850 is 1372 mm. From the simulated wave height distribution of near-fault ground motion in Figure 9 , it can be seen that the specifications cannot fully envelop the excitation wave height of the near-fault ground motion. e European standard calculation wave height was lower than most of the excitation wave heights and was 10 times smaller than the individual seismic excitation wave. From the mean effect, we determined that the average wave height of 38 ground motions was 1611 mm, which was 1.51 Advances in Civil Engineering times that of the calculated wave height of China's standard GB50761, 1.1 times that of the US standard, 3.78 times that of the European standard, and 1.21 times that of the Japanese standard wave height. From this, we also concluded that it is unreasonable for countries to standardize the fortification of high-period waveforms with near-fault ground motion excitation wave heights, and it was necessary to correct the wave height of near-fault ground motion for normal waves.
Wave-Height Correction of China's Tank Specification.
Excessive wave height under the action of ground motion will cause the "stuck" of the floating roof or the buckling of the dome. In the norm of API 650, GB 50341, or GB 50761, the calculation of the base shear force, base bending moment, and the stress of the tank wall of each layer did not consider the influence of the sloshing wave height. ey only specify the reserved height from the liquid storage surface to the tank top. So it is necessary for designers to consider the effect of shaking wave height on the tank under the seismic action with large excitation wave height. In order to reasonably set up defenses of the wave height of near-fault ground motions, this article will propose a long-period correction of the Chinese standard wave height formula using the root-mean-square method. e root mean square (RMS) represented the effective value of a set of discrete data (formula (1)). Compared with the mean value of data, RMS better represented the confidence value of discrete data. We took 38 near-fault ground motion excitation wave heights, used RMS to calculate the effective value of this set of discrete data, and corrected the wave height according to the ratio of the effective value and the normative wave-height value. We processed the mean square root and mean values of the excitation wave heights of 38 near-fault seismic waves for 10,000-m 3 vertical storage tanks. e calculated data are shown in Table 5 :
where X i denotes the value of elements in the sample and N denotes the total amount of samples. Table 5 shows that the RMD value was larger than the average value because the RMS value had a larger confidence interval for a group of data than the average value, which was more representative of the effective value of a set of discrete data. e RMS value was larger than the normative waveheight value of the weak site calculated using China's two norms. Because GB50341 repeatedly considered the damping correction, its calculated wave height was larger, but it was still less than the effective value of the sample wave height.
We applied the formula h v � 0.837 Ra to the sloshing wave height of GB50341, which was derived from the potential flow theory and considered the fluid viscosity. We referred to the 0.005 damping ratio correction for such countries as Japan and the United States, which was multiplied by a factor of 1.79. When the earthquake impact coefficient a was calculated, the relevant parameters were still calculated using the damping ratio of 0.005, so we considered the double-damping correction. e wave-height formula of GB50761, however, considered the singledamping correction. erefore, when we calculated the wave-height correction of GB50341 by statistical RMS value, we performed a single-damping correction and considered only the damping correction when calculating the seismic influence coefficient. We simulated wave height by ground shaking with a small sample size of a specific tank type and used the ratio of effective value to normal value to correct the wave height under near-fault ground motion. is value can be used for practical engineering. For other types of tanks, this method can also be used to make small sample capacity comparison, get the RMS value for correction, and calculate the conservative wave height for design. e correction formula is as follows:
GB50341-2014, Code for Design of Vertical Cylindrical Steel Welded Tank: 
America
For functional groups I and II For class III use function groups
Europe EC-8 [17] d � 0.84R(S e (T con ))/g
is the height of the shaking wave; η is the tank type coefficient; K v is the long-period response spectrum adjustment coefficient; K is the spectrum acceleration adjustment coefficient, generally K � 1.5; Q is the design liquid level spectrum acceleration scaling factor, generally taking Q � 1.0; T L is the long-term excessive period; S o is the response spectrum response instantaneous acceleration parameter, generally S o � 0.4S s ; S vo is the velocity elastic spectrum value, generally taking S vo � 1; and V 1 is the regional correction coefficient. 8 Advances in Civil Engineering GB50761-2018, Code for Seismic Design of Petrochemical Steel Equipment:
where η is the tank type coefficient; the floating roof tank is taken as 0.85, the fixed top tank is taken as 1; a is the seismic influence coefficient of damping of 0.005; K v is the longperiod adjustment coefficient; and the adjustment factor of this section is included.
Conclusion
On the basis of this study, we drew two main conclusions. First, it was evident from the shaking table test of the vertical storage tank that the wave height of long-period ground motion and near-fault ground motion excitation with rich long-period waveforms was larger. is wave-height value had a certain linear relationship with the peak acceleration of ground motion, and the ratio of two wave heights was approximately equal to the ratio of two accelerations. In addition, the finite element simulation of the model tank under the same ground motion action showed that the simulation wave height and the test wave height had a good fit, and the two could be mutually verified. Second, it was possible to simulate the shaking of a 10,000 m 3 large vertical storage tank under the action of a near-fault earthquake. We used the pulse period or predominant period as the ground motion parameter to characterize the wave height.
rough comparison, we found that the envelope ratio of the wave height calculated according to tank specifications in China, the United States, Europe, Japan, and other countries to the near-fault ground motion excitation wave height was not high. erefore, to achieve the near-fault ground motion, it was necessary to modify the wave-height formula. In addition, we proposed the RMS method to modify the wave-height formula of the Chinese code for long-period waveforms. We also adjusted the double-damping correction of the Chinese tank code GB 50341, which provides a reference method for the scientific design of near-fault ground motion in the engineering of wave-height design.
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